We report that immune complexes of IgM (ICIgM) antibodies and ovalbumin in the form of a precipitate from the equivalence zone induce the generation of reactive oxygen species by rabbit blood polymorphonuclear leucocytes (PMN), as measured by the chemiluminescence (CL) production in the presence of luminol. The kinetics of CL generation induced by ICIgM is quite different from that induced by precipitated immune complexes of IgG (ICIgG): the maximum rate of CL production for ICIgM occurs around 14 min, whereas for ICIgG it occurs about 5 min after incubation with the cells. Also the triggering of the process requires a higher concentration of ICIgM than of ICIgG. Evidence is presented that these effects are not mediated by interaction of the antigen (ovalbumin) with the cell, since immune precipitates of ovalbumin and the F(ab') 2 fragment had no effect. Our observations that precipitated ICIgM can also be an effective stimulus for CL generation and thus for O 2 -production reveal a new functional capability of PMN. These results may have implications for the understanding of the participation of ICIgM (as well as of ICIgG) in inflammatory reactions mediated by PMN in immune complex diseases, and in the mechanisms of defense against microbes and other non-self agents.
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The interaction of immune complexes (antigen-antibody complexes) with phagocytic cells may trigger a set of effector functions such as phagocytosis of the immune complexes, stimulation of lysosomal enzyme release and the respiratory burst with the production of highly reactive oxygen species such as O cell, including a precise mechanism of recognition as to what kind of substances is inducing the cell activation. Certainly a primary event in this mechanism must be the binding of the stimulant molecule to the cell membrane with the subsequent triggering of the biochemical reactions for superoxide production.
In polymorphonuclear leucocytes (PMN), immunological receptors for IgG (Fcγ) and for IgA (Fcα) have been implicated in the initiation of the respiratory burst, since immune complexes of these classes can trigger the process. Also, complement receptors (for C3b, C3bi and C5a) may play a role in this phenomenon, albeit activation by C3b and C3bi is controversial (4). As to IgM immune complexes (ICIgM), there are so far no reports on their possible role as stimulating agents of the generation of reactive oxygen species in polymorphonuclear leucocytes.
Our group has shown that precipitated immune complexes of IgM antibodies and ovalbumin prepared from the equivalence zone were able to bind to rabbit PMN and stimulate the liberation of lysosomal enzymes, as well as immune complexes of IgG (ICIgG) (5-7). These findings, together with the fact that ICIgM have been found deposited in some tissues in immune complex diseases, have led us to investigate the possibility of ICIgM inducing the production of reactive oxygen species in rabbit blood polymorphonuclear leucocytes in a comparative study with the effect of ICIgG, both in the form of a precipitate from the equivalence zone.
The preparations of the antigen (ovalbumin), of rabbit IgG and IgM anti-ovalbumin antibodies as well as the isolation of rabbit blood PMN are described in reference 6. The chemical purity of IgG and IgM was tested by immunoelectrophoresis; in addition, any eventual contamination of the IgM preparation with IgA was excluded by immune diffusion tests with a goat antibody to rabbit IgA, α-chain-specific, obtained from Sigma Chemical Co. (St. Louis, MO).
To prepare F(ab') 2 antibody fragments, rabbit IgG anti-ovalbumin was hydrolyzed with pepsin (Sigma) as described in reference 8. The absence of uncleaved IgG in the F(ab') 2 preparation was confirmed by SDS-PAGE. Soluble collagen was purified from guinea pig skin as reported in reference 9.
The immune complexes were prepared as described in reference 6. Briefly, precipitin curves were obtained with purified IgG, IgM and F(ab') 2 antibodies and ovalbumin. The volumes of ovalbumin and antibody solutions were calculated from the point of equivalence in order to obtain the desired quantity of protein in the precipitates. Protein determinations were done by the microbiuret method (10) .
PMN chemiluminescence (CL) was measured in a scintillation counter (LS-150 liquid scintillation system, Beckman Instruments Inc., Fullerton, CA) set in the out-of-coincidence mode with a fully open window (11) . The reaction mixture consisted of 2 x l0 6 cells in a final volume of 2 ml in Hanks' balanced salt solution (HBSS) containing 0.1% gelatin, 100 mM luminol and the stimulus (precipitated immune complexes) in a glass scintillation counter vial. The vials had been kept overnight in the dark to avoid the excitation of glass fluorescence, and the preparation steps were performed in a dark room with a small red lamp. The mixture vials were incubated in a 37 o C water bath and transferred to the counter (which was at room temperature) at predetermined time intervals for the measurement of the CL rate (counts per min; cpm) for 30 s, and immediately returned to the incubation bath.
The experiments documented in Figure 1 show that ICIgM is able to induce the production of reactive oxygen species by rabbit PMN, as measured by the luminol-dependent chemiluminescence assay. The ability of PMN to trigger this function differs depending on the class of immune complex: with precipitated immune complexes at a concen-tration of 100 µg protein/ml no effect is obtained with ICIgM, whereas ICIgG is quite effective even with half of this concentration ( Figure 1A and B) ; however, with 200 µg protein/ml, ICIgM is very effective. Also, the time-courses of CL generation by these two classes of immune complexes are quite different: for ICIgG the CL response is relatively rapid, with a maximum rate around 5 min, while for ICIgM the effect develops more slowly and lasts longer, attaining the maximum rate around 14 min. IgM or IgG not complexed with the antigen at the same protein concentration as the immune complexes does not present any stimulation effect (data not shown). Figure 1C illustrates a control experiment for the effect of ICIgM which shows that there is practically no difference in CL production with this class of immune complex when the IgM antibody is prepared from pre-heated serum (56 o C for 30 min) to inactivate C1q or from normal serum. This was done to exclude a possible, although unlikely effect of C1q contamination of the IgM antibody preparation. Another experiment based on this possibility was also performed by testing the effect of soluble collagen (200 µg/ml) on the chemiluminescence induced by both classes of immune complexes and no inhibition was observed (data not shown). According to reported experiments (12), interaction mediated by C1q should be blocked by collagen.
In order to determine if the antigen (ovalbumin) present in the complexes could be responsible for the stimulation of the cells, we performed a control experiment using 200 and 400 µg/ml of the precipitated ICF(ab') 2 (which contains the antigen but lacks the Fc fragment). No chemiluminescence was generated and the profiles of the responses were similar to the control (data not shown). Table 1 summarizes a series of experiments giving some kinetic parameters of CL production by PMN using both classes of immune complexes as stimulating agents at depends on the formation of reactive oxygen species by the cell. The light emission occurs as a result of a series of steps, which can be described in general terms as follows (13): formation of superoxide (O 2 -) followed by its dismutation into H 2 O 2 which, together with Cl -and upon the action of a myeloperoxidase, produces OCl -. Hypochlorite is capable of oxidizing luminol with the generation of an excited aminophthalate anion which relaxes to the ground state with the emission of light. Thus, the measurement of CL reflects the global effect depending on the rate of production of reactive oxygen species and on myeloperoxidase activity.
Many kinds of stimuli can induce the respiratory burst in phagocytes, leading to activation of NADPH oxidase, increased O 2 consumption and formation of superoxide; according to the type of stimulus, different signal transduction pathways may be involved (14, 15) . With regard to immune complexes, most studies have been done with the IgG class (4); from the available data (11, 16) it appears that the kinetics of chemiluminescence is variable depending on the form in which the immune complexes (or the aggregated immunoglobulins) are presented to the cells (soluble, precipitated or adsorbed on surfaces). With precipitated ICIgG from the equivalence zone we observed a chemiluminescence effect which was limited in time, with a sharp peak around 5 min, in agreement with results reported for human neutrophils (16) . Our observations that precipitated ICIgM can also be an effective stimulus for chemiluminescence generation and thus for O 2 -production reveal a new functional capability of PMN. The time-course of CL produced by this class of immune complex is quite different from that induced by ICIgG, indicating that the triggering and/ or the biochemical pathways might be different. In previous experiments we had shown that ICIgG is readily phagocytosed by PMN whereas ICIgM remains mostly on the cell surface (5); thus, precipitated ICIgM seems to be an immunological stimulus for the respiratory burst not associated with phagocytosis. This may be related to the observed kinetic differences with ICIgG; another factor might be a slower rate of binding of ICIgM to the cells.
The presence of a cell membrane receptor for IgM in PMN is a controversial issue. Positive as well as negative evidence has been reported, as discussed previously (5) . Possibly, these conflicting results may be related to the affinity of the binding sites on the cell membrane (receptor) for IgM and the different forms of presentation of the immunoglobulin to the cell. The fact that ICIgM in the form of a precipitate can bind to PMN and induce lysosomal enzyme release (5-7) as well as trigger superoxide anion production, as we have shown, may be dependent on the cooperative action of a large number of weak interactions with a low affinity membrane receptor, favored by the size of this kind of immune complex. This agrees with some studies with human neutrophils, using myeloma immunoglobulins, showing that unaggregated IgM binds very poorly to cells, but the binding was considerably increased when the IgM molecules had been aggregated with the F(ab') 2 fragment of anti-human immunoglobulin (17) . It also confirms some observations showing the effective binding of IgM immune complexes to human neutrophils using chimeric mouse-human IgM antibodies (18) . Thus, the recognition of immune complexes by PMN mediated by IgM would require the clustering of many immunoglobulin molecules, the interaction being non-competitive with fluid phase IgM, as observed previously (5). The triggering of superoxide production and lysosomal enzyme release may be related to the cross-linking of the receptors upon interaction with the immune complex, as reported for IgG Fc receptors in human neutrophils (19) . The possibility that changes in IgM conformation when forming the immune complex might expose or form the binding site should also be considered. Although the subject is controversial, some evidence points toward conformational changes occurring upon the combination of antibodies with antigen, but at present this evidence is restricted to experiments performed with the Fab fragment of IgG (20) .
Whatever the molecular mechanism of interaction of ICIgM with PMN, the finding that this class of immune complexes can trigger effector functions of these cells (lysosomal enzyme release and production of reactive oxygen intermediates) must have physiological as well as physiopathological implications. ICIgM as well as ICIgG have been found deposited in various tissues in immune complex diseases (21, 22) , and thus they can be one of the recognition signals for neutrophils to produce tissue damage, a divergent function from the normal mechanism of defense against microbes and other nonself agents.
